The aim of this study was to assess the influence of different types of carbon nanotubes (CNTs) on cell phagocytosis. Three kinds of carbon nanotubes: single-walled carbon nanohorns (SWCNHs), multiwalled carbon nanotubes (MWCNTs), and ultralong single-walled carbon nanotubes (ULSWCNTs) before and after additional chemical functionalization were seeded with macrophage cell culture. Prior to biological testing, the CNTs were subjected to dispersion process with the use of phosphate buffered solution (PBS) and PBS containing surfactant (Tween 20) or dimethyl sulfoxide (DMSO). The results indicate that the cells interaction with an individual nanotube is entirely different as compared to CNTs in the form of aggregate. The presence of the surfactant favors the CNTs dispersion in culture media and facilitates phagocytosis process, while it has disadvantageous influence on cells morphology. The cells phagocytosis is a more effective for MWCNTs and SWCNHs after their chemical functionalization. Moreover, these nanotubes were well dispersed in culture media without using DMSO or surfactant. The functionalized carbon nanotubes were easily dispersed in pure PBS and seeded with cells.
Introduction
Carbon nanotubes (CNTs) are being produced in increasingly large quantities for many technical and medical applications due to their novel properties, such as enhanced thermal, electronic, mechanical, and biological properties. In biological systems, they have been investigated as drug delivery vehicles, targeted cancer therapies, tissue scaffolds, and biosensors [1] [2] [3] . CNTs due to their relative large lengthto-diameter aspect ratio, with a very large specific surface are suitable for highly sensitive molecular detection and recognition. Consequently, a large fraction of the CNT surface can be modified with functional groups of various complexities, which would modulate its in vivo and in vitro behaviour [4] .
However, opinions about the biocompatibility of CNTs in vitro and in vivo environments are not unequivocal. Some authors indicate that CNTs are biocompatible in contact with cells and tissue, that is, they stimulate osteoblast and nerve cells to grow and proliferate and induce muscle and blood vessels to regenerate [5] [6] [7] . Contrary to these outcomes, many critical results point to the cytotoxicity of CNTs. The toxicity of CNTs is a prime concern, and several groups point to their similarity to asbestos fibres [8] . Other scientists indicate that CNTs may lead to dermal toxicity due to accelerated oxidative stress in the skin and pulmonary toxicity through induced lung lesions characterized by the presence of granulomas [9, 10] .
The question arises why the opinions about the biocompatibility of carbon nanotubes are so different?
Many scientists explain that CNTs toxicity in both in vivo and in vitro studies has been attributed to various factors, for instance, length, type of functionalization, their concentration, duration and method of exposure, catalyst impurity, agglomeration, and even the dispersants used to dissolve the nanotubes [4, [11] [12] [13] [14] [15] [16] . However, most aspects of CNT toxicity remain still not properly recognized. One of the important aspects is the transport of CNTs across the cell membrane. Two potential transport mechanisms of CNT have been considered: endocytosis/phagocytosis and energyindependent passive process [4, 17, 18] . The aim of this study is to examine the effect of dispersion degree of CNTs on cell phagocytosis process. The CNTs dispersion depends upon a number of factors, such as the type of CNTs, their geometry, the presence of surface chemical state as well as the type of surfactants. These factors are qualitatively analyzed in view of differently prepared CNTs to their susceptibility to cells response.
Materials and Methods
Five kinds of pristine and functionalized carbon nanotubes (CNTs) were used in this work. The pristine CNTs were provided by NanoAmor USA and NanoCraft Inc USA. The pristine carbon nanotubes used in this experiment were denoted, as follows ( (iii) ULSWCNT-ultra-long-single-wall carbon nanotubes.
The diameters of SWCNHs ranged from 2 to 3 nm and length from 30 to 50 nm, with a 19
• closed-end called car bon nanohorns. Carbon nanohorns belong to the carbon nanotubes family. The tip of this tube is closed by a conical cap with a cone angle of 19
• . The individual carb on nanohorns have a tendency to aggregate together and form dahlia-flower-like structured particles (Figure 1(a) ). SWCNH aggregates have been regarded as potentially good drug carriers, which possess some advantages over other drug carriers [2, 19] .
MWCNTs had diameters in the range of 10-30 nm and were 1-2 µm long, whereas ULSWCNTs had diameters from 0.7 to 2 nm and length from 15-30 µm. with a concentration of CNT 38 µg/mL (a safe concentration level of CNTs is to be around 40 µg/mL) [20] . Dimethyl sulfoxide (DMSO) used in our experiments is an appropriate polar aprotic solvent that dissolves both polar and nonpolar compounds, miscible in a wide range of organic solvents as well as in water. In medicine, DMSO is predominantly used as a topical analgesic, a vehicle for topical application of pharmaceuticals, as an anti-inflammatory agent and as an antioxidant. Because DMSO enhances the rate of absorption of some compounds through organic tissues including skin, it can be used as a drug delivery system. This solvent has acceptable biological properties, and the suspensions prepared with the dispersed CNTs perform a long-lasting stability ( Figure 2 ). Tween 20 is a stable and a relative nontoxic detergent and emulsifier used in a number of pharmacological applications. It was used as a dispersion agent of carbon nanotubes in previous works [21, 22] . After sonication, all kinds of CNTs were observed in contact with RAW 264.7 for 24 h.
The morphology of CNTs before functionalization was analyzed using transmission electron microscopy (TEM) (Tecnai G2 F20 (200 kV) and Joel). The degree of purification of CNTs was determined using inductively coupled plasma optical emission spectrometry (ICP-OES) (Multiwave 3000, Perkin Elmer Co.). Evaluation of the functionalization of carbon nanotubes was done using Fourier transform infrared spectroscopy (FTIR) (Bio-Rad FTS60V spectrometer). The transmission of FTIR spectra was registered in the range of 800-1800 cm −1 using KBr pellets. The phagocytosis of nanotubes by RAW 264.7 macrophages was observed using inverted microscope (Olympus CKX41, Germany).
The murine macrophage RAW 264.7 cell line (ATCC, GB) was used in this study. The cells were cultured in 75-cm 2 tissue culture flasks (Nunc, Denmark) in Dulbecco's modified Eagle's medium (DMEM; PAA, Austria) supplemented with antibiotics (penicillin G 100 U/mL, streptomycin 10 µg/mL (Sigma-Aldrich, Germany)) and 10% fetal bovine serum (PAA, Austria). The flasks of cultured cells were incubated at 37
• C in humidified 95% air and 5% CO 2 . Cells were routinely passaged by harvesting using a cell scraper and replated in tissue culture flasks at a ratio of 1 : 5 for subculturing. Cells were passaged no more than 10 times before an experiment. In our experiment, cells were placed into 24-well dishes (Nunc, Denmark) at a population density of 5 × 10 4 cells/mL/well and allowed to adhere for 2 h. Next, 10 µL of nanotubes dispersed in different media were added to cell culture. After 24 h, the supernatant from above cells was collected for cytotoxic assay and cells in culture dishes were observed with inverted optical microscope.
Results and Discussion
Purity of carbon nanotubes was determined using ICP-OES. The results are gathered in Table 1 .
ICP-OES analysis of the as-prepared SWCNH indicated mainly the presence of iron (Fe) catalyst (1.8 wt.%) in this sample. In the case of the pristine MWCNT and ULSWCNT, the ICP-OES analysis showed mainly the presence of nickel (Ni) (1.2 wt.%) and cobalt (Co) (0.8 wt.%), respectively. Using this method, the effectiveness of metal catalysts removal from CNTs after the oxidation process in acid (H 2 SO 4 : HNO 3 ) was determined. The acid treatment of CNTs allowed to remove the metal catalyst residues in CNT samples, to open the end caps of the CNTs, and to leave them terminated with carboxylic groups [23] [24] [25] [26] . The concentration of metal catalysts significantly decreases for all types of carbon nanotubes after chemical oxidation ( Table 1 ). The conclusion drawn from this analysis is that the chemical oxidation method was useful for the purification of CNTs.
To clarify the influence of the acid mixture on the surface chemistry of MWCNT and SWCNH after the functionalization process, the FTIR investigation was carried out and the corresponding results are shown in Figures 3 and 4 . The spectrum of the as-prepared CNTs shows the C-C stretching bonds in the range of 1580-1650 cm −1 characteristic to the expected nanotube phonon modes [26] . The spectrum of the CNTs after oxidation presents two characteristic bands at 1710 cm −1 (for MWCNT-F) and at 1704 cm −1 (for SWCNH-F) and a broad band in the range from 900 to 1220 cm −1 assigned to ν C=O and ν C-O carbonyl and carboxyl groups. These bands were not observed in the spectra of CNTs before the treatment. This implies that the oxygen-containing functional groups are introduced on the MWCNT and SWCNH surfaces during their oxidative treatment. These functional groups are usually found to be attached to the ends of the nanotubes or defects along their wall, due to the enhanced reactivity of these sites [26] . The characteristic bands of FTIR spectrum of other samples are gathered in Table 2 . The presence of the chemical group on CNTs surface confirms the effectiveness of functionalization methods.
In order to identify the phagocytosis process, both pristine and functionalized CNTs were analyzed using macrophage cell line (RAW 264.7). The proper application of carbon nanotubes in a biological environment is directly connected with overcoming the agglomeration problem. Due to van der Waals interactions, carbon nanotubes have a strong tendency to orient themselves parallel to each other. During such an interaction, the CNTs create agglomerates in the form of ropes and bundles with the binding energy accompanying this mechanism several hundreds of meV/µm [27] . The properties of agglomerated carbon nanotubes are different than those observed for their single, separated forms [14] [15] [16] . Hence, the preliminary step before in vitro testing is their good dispersion in a medical environment. All kinds of CNTs were dispersed in the pure PBS or PBS containing 1% of DMSO or Tween 20, at the concentration of 38 µg/mL and then introduced to DMEM. The dispersion was monitored using a digital camera (Camedia C5050Z, Olympus, Germany) after 24 h. The sets of suspensions containing various CNTs prepared in different way are visualized in Figure 11 . The aggregates of all types of CNTs were dispersed using ultrasounds (results not shown). However, a part of carbon nanotubes after dispersion had a tendency to secondary aggregation ( Figure 11) . A complete sedimentation was observed for pristine CNTs in PBS solution and PBS with DMSO only (Figure 11(A, B, G, H, M, and N) ). The Tween MWCNT and SWCNH. It is well known that the surfactants decrease the surface energy of a liquid, allowing easier spreading, and lowering the interfacial tension between two liquids, or between a liquid and a solid. The positive impact of Tween 20 surfactant was observed during dispersion of MWCNTs and SWCNTHs, while in the case of ULSWCNTs, the agglomeration was comparable with samples containing pure PBS and PBS with DMSO ( Figure 11(O) ). The probable reason could be the length of ULSWCNT, which limits their appropriate dispersion in a solvent. The ULSWCNTs tend to entangle and bundle, which makes their dispersion process and assessment of the surfactant's impact difficult. A different situation was observed for MWCNT and SWCNH after functionalization in a mixture of acids. Both SWCNH-F and MWCNT-F were well dispersed in all prepared suspensions and maintained their stability up to 24 h (Figure 11(D, E, F, J, K, and L) ). The most effective process was observed for MWCNT-F (Figure 11(J, K, and  L) ). The reason for good dispersion of CNTs in pure PBS and PBS with additives was the surface chemistry of these materials. The presence of carboxylic groups on carbon nanotubes changes their wettability from hydrophobic to hydrophilic.
The phagocytosis of CNTs by RAW 264.7 macrophages and its features was qualitatively analysed on the basis of the series of microphotographs gathered in Figures 5, 6 , 7, 8, and 9.
As it results from analyse of these images, the macrophages phagocytose all kinds of CNT with different intensity. The most intensive phagocytosis process was observed for the samples after chemical modification (Figures 6 and  8 In the case of samples containing higher size agglomerates, the phagocytosis was distinctly inhibited ( Figures  5(a) , 5(b), 7(a), 7(b), and 9). Such a case was noticed particularly for the cultures contacted with ULSWCNT where the highest number of cells without carbon nanotubes can be seen (Figure 9) . Additionally, the hampered phagocytosis of ULSWCNT by RAW 264.7 could come out of a high length of this form (15-30 µm) . The influence of the length of CNTs on cell phagocytosis could be confirmed by differentiation between the phagocytosis of SWCNHs (length from 30 to 50 nm) or MWCNTs (length between 1-2 µm) and ULSWCNTs. The influence of the length of the CNTs has already been confirmed in the literature [13] . In spite of the existing agglomerates in SWCNHs and MWCNTsbased suspensions, phagocytosis was easier in comparison to ULSWCNTs-based suspension (Figures 5(a) , 5(b), 7(a), 7(b), 9(a), and 9(b)).
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The results indicate that the surfactant (Tween 20) has an advantageous influence on the dispersion process of carbon nanotubes in culture media and facilitates phagocytosis by macrophages. The drawback of the application of Tween 20 is its disadvantageous impact on cell morphology (Figure 10 ). The cell membrane was heterogeneous with numerous vacuoles in cytoplasm (black arrows). The similar results were also observed by Monteiro-Riviere [22] . On the contrary, this phenomenon was not observed for cells harvested with PBS and PBS + 1% DMSO additions.
Conclusion
Five kinds of pristine and chemically modified carbon nanotubes were contacted with macrophages to verify their influence on cell phagocytosis. The appropriate dispersion of CNTs in culture media is one of the crucial issues which has a strong impact for interaction cell-CNT. There were used three types of dispersion agents (PBS, PBS + DMSO and PBS + Tween 20). PBS + Tween 20 was the most effective dispersion agent for CNTs, although this surfactant is probably partially toxic for cells, which limits its further application. The use of both pure PBS and PBS with DMSO did not reveal any influence on the good dispersion process of CNT in culture media. The best dispersity was observed for carbon nanotubes after chemical functionalization in an oxidative treatment, irrespective of dispersing agents. Simultaneously, for these kinds of CNTs the highest phagocytosis was observed. The results show that the interaction between CNTs and cells strongly depends on an average agglomerates size and the length of CNTs.
These results provided preliminary information about the influence of different types of CNTs and their degree of dispersity on the phagocytosis processed by macrophage cells. Further investigations are, however, required for better understanding of the mechanism of phagocytosis and the influence of CNTs on the fundamental biological interaction with cells.
